We investigate drop impact dynamics near both closed pits and openended pores experimentally. The resulting impact phenomena differ greatly for a pit or a pore. For the first, we observe three phenomena: a splash, a jet and an air bubble, whose appearance depends on the distance between impact location and pit. Furthermore, we found that splash velocities can reach up to seven times the impact velocity. Drop impact near a pore, however, results solely in splashing. Surprisingly, two distinct and disconnected splashing regimes occur, with a region of plain spreading in-between. For pores, splashes are less pronounced than in the pit case. We state that, for the pit case, the presence of air inside the pit plays a crucial role: it promotes splashing and allows for air bubbles to appear.
Introduction
Droplet impact can be observed regularly in daily life, for example, when raindrops hit the ground or while washing the dishes. Additionally, in industrial processes such as spray coating, spray cooling and ink-jet printing, drop impact is of major importance. The topic has been studied for more than a century, starting with Worthington, who in 1876 listed the huge variety in shapes that the drop can take after impact on a solid substrate (Worthington, 1876) . It has been found that the liquid properties, the droplet size and velocity, the wettability and roughness of the substrate, as well as the surrounding gas pressure, all have an influence on the behaviour of the drop after impact (Yarin, 2006; Rioboo et al., 2001; Richard et al., 2002; Clanet et al., 2004; Xu et al., 2005; Tsai et al., 2009; Bouwhuis et al., 2012) .
In spite of the fact that many real surfaces are likely to be rough and inhomogeneous, droplet impact research has mostly concentrated on homogeneous isotropic solid surfaces. However, some authors looked at smooth solid substrates containing a single obstacle (Delbos et al., 2010; Ding & Theofanous, 2012; Lorenceau & Quéré, 2003; Roisman et al., 2010; Josserand et al., 2005) , e.g., the impact of a droplet near an open-ended hole (pore), revealing different flow behaviour depending on the impact location. For a centred impact, the inner part of the droplet will enter the pore and the remaining liquid will spread (Delbos et al., 2010; Ding & Theofanous, 2012) . If the droplet falls beside a pore on a (partly) wetting substrate, the liquid will be slightly deflected downwards as it spreads over the pore and a splash is created at the outer edge (Roisman et al., 2010) .
Just like in the previous examples, our interest is in droplet impact on a smooth surface containing a hole. The difference is that we focus on impacts on closed holes (pits) of varying diameter and depth which we experimentally investigate and compare to the behaviour for impacts on (open-ended) pores. A pit will induce significantly different flow patterns through the interaction of the liquid with both the bottom and the air inside the hole. This gives rise to richer phenomena than in the pore case. Furthermore, we will address the different regimes by varying the distance of impact to the hole in small steps.
We have structured the paper as follows: In §2, we introduce the experimental setup in detail. In §3 and §4, we describe our experimental observations for impact near pits and pores respectively. In addition, §4 provides a comparison between impact near pit and pore. Finally, §5 summarises our findings.
Experimental details
To study the effect of droplet impact near a hole, we use the experimental setup illustrated in figure 1a. Droplets are generated by expelling liquid from a syringe at a low rate (≤ 0.4 ml/min, syringe pump Harvard phd 2000), through a pipe and into a capillary needle (outer diameter 0.85 mm). The droplet formed at the needle's tip detaches as soon as the gravitational force overcomes that of surface tension. We use milli-Q water (density ρ = 998 kg/m 3 , surface tension σ = 73 mN/m and viscosity µ = 1.0 mPa·s) with about 0.5% in volume of red food dye added to increase contrast (without changing the surface tension). With these properties and the fixed needle size, the droplet diameter equals D d ≈ 3.0 mm. Unless stated otherwise, we keep the impact velocity U i fixed to about 3.0 m/s and therefore the Weber number is given by We = ≈ 9 · 10 3 . The target surface is a perspex plate containing a row of six equidistant holes, with a distance between the hole centres of 5.0 mm. The pits and pores were made with a drill which has a tip angle of 118
• , such that the bottom of the pit has a slight angle as well (figure 1a). Pit diameter D p as well as depth Z p are varied as shown in table 1. We tested one pore (i.e., a hole that penetrates through the entire substrate) with a diameter D p of 2.0 mm and a length of 10 mm.
The key parameter varied in this study, ∆, is given by the distance between the outer pit edge and the nearest drop edge, see figure 1b. More precisely, ∆ is obtained by taking the difference between the distance between the centres of droplet and pit (r dp ) and the deviation of half the droplet and pit diameters (
), which can all be acquired experimentally. To explore ∆ in a uniform way for the various pit diameters, we normalise it by the pit diameter D p and Figure 1: (a) Schematic representation of the impact of a droplet on a plate with a row of holes, in this case closed pits. The impact is recorded simultaneously by both a side view camera and a bottom view camera with help of a mirror.
(b) The relevant parameters are denoted: droplet diameter D d , pit diameter D p , pit depth Z p , the distance between the centres of pit and droplet, r dp , and the distance between the outer pit edge and the nearest droplet edge, ∆. 
Figures 1b-d provide a schematic explanation of the significance of this quantity ∆ * . The region 0 < ∆ * < 1 corresponds to a partly covered pit at the moment of droplet impact. When ∆ * is greater than 1, the droplet falls besides the pit. At a negative ∆ * , the droplet completely covers the pit. In our experiments, ∆ * is adjusted between −0.4 and 1.3 with small increments. The impact events are recorded simultaneously by high-speed cameras from the side (Photron SA1.1) and from below (pits: Photron APX-RS, pores: Photron SAX) at a frame rate of 5 − 10 kHz (figure 1a). Additional high-speed imaging experiments are performed by zooming in from below with a long-distance microscope to capture the flow behaviour inside the pit (Photron SA1.1). The droplet diameter D d , impact velocity U i and the distance between the location of impact and the pit/pore centre, r dp , are determined from the recordings. • , see figure 1a for the coordinate system. direction; (2) a jet, where some liquid is expelled in an almost exclusively vertical direction; and (3) an air bubble, which is seen to emerge from the pit. Figures 2 and 3 present a series of side and bottom view images extracted from the recordings. The splash (figure 2) is created at the outer pit edge, which acts as an obstacle for the spreading liquid (Josserand et al., 2005; Roisman et al., 2010) . The outer pit edge is denoted as the spot on the pit that is most distant, seen from the droplet's impact location. The splash is curved (at time t ≥ 1.2 ms), meaning that the first liquid hitting the outer edge is deflected inwards and new splash liquid gradually gains outward motion by the surrounded spreading liquid. Besides that, from the high-speed imaging experiments capturing the flow inside the pit (not shown), we found that liquid is also deflected downwards. Increased overlap between drop and pit will result in a larger volume shooting upwards and downwards. The flow is captured in a simple schematic in figure  4a . A jet is created when the impacting droplet greatly overlaps with the pit. In figure 3a (∆ * = 0.16) two phenomena occur: First, a fast splash shoots out (at t = 1.2 ms) and subsequently, a thicker object appears, which we denote as a jet. The splash is now faster than in the previous example, with a splash velocity of 17.7 m/s, which is almost six times the impact velocity. In this case, there are two competing flow mechanisms: On the one hand, the flow spreads outwards above the pit and causes simple splashing (figure 4a) as described above. On the other hand, as there is overlap between the droplet and the pit, part of the droplet can directly enter the pit, see figure 4b .
By what mechanism is the jet created? From experiments we deduce the flow, which is illustrated in figure 4c . First, we observe a splash at the outer edge. Second, from the recordings with a long-distance microscope zooming in on the pit bottom, we note that an air pocket is present near the inner pit edge at early times. Third, at later times, the jet is observed to shoot out near • . For both cases the parameters are as follows:
For a dimensionless distance of ∆ * = 0.16, first a fast splash appears at t = 1.2 ms, and subsequently a jet is observed at t = 1.6 ms. The velocities in the first millisecond are 17.7 m/s for the splash and 2.8 m/s for the jet. (b) For full overlap between droplet and pit (∆ * = −0.25), the resulting phenomenon is totally different. Air is pushed out of the pit by the impacting water. An air bubble is visible at the pit edge at time t = 1.2 ms and another air bubble is observed at the spreading edge from t = 1.8 ms onwards. The first is the air bubble we will focus on in this study. Both are indicated with dashed circles. In the jetting regime, we observe a splash at the outer pit edge (right arrow), an air pocket at the inner pit edge at the bottom (filled circle) at early times and at later times a jet shooting out (left arrow). This shows that for partial overlap, the flow behaviour of (a), and not of (b), is dominant: the early stage liquid flow is outwards rather than downwards. (d ) For full overlap, liquid flow is separated: a broad splash outwards (right arrow) and liquid entering the pit near the inner pit edge as in (b). This liquid pushes out an air bubble at the outer pit edge (filled circle).
this inner pit edge. Our interpretation of these observations is as follows: After impact, the liquid will spread outwards. The liquid above the pit will hit the pit edge, resulting in an upward and a downward splash. The latter will continue on the pit bottom and is deflected upward at the inner pit edge, resulting in a jet. Therefore, the main flow just after impact will be sideways, rather than downwards into the pit. The third observed phenomenon, an air bubble, is found for even larger overlap. Here we show the case for which ∆ * = −0.25 (figure 3b). Again, we observe a splash; however, it differs in shape and direction. In this case, it is broad and mainly moving sideways (see the bottom view images at t = 0.6 and 1.2 ms). The air bubble is visible at time t = 1.2 ms at the outer pit edge (the edge at which the x-coordinate is large). Subsequently, it moves slightly outwards (t = 1.8 ms) and breaks-up (t = 3.0 ms). Furthermore, for full overlap, we note that there is flow of multiple origin, see figure 4d for a sketch. The central, inner part of the droplet enters the pit, which can be seen in the bottom view of figure 3b at t = 1.2 ms by the bright circular area inside the pit. A last observation is that the angle between splash and substrate is small for full overlap, where in the previous cases this splash angle obtained values of about 90
• shortly after impact. We think the small angle is due to impacting liquid that hits the pit edge rather from the top than from the side, see figure  4d .
We state that, as a consequence of liquid that seals the pit, the air bubble is pushed out. The driving mechanism is the pressure build-up inside the pit, due to liquid that enters into it (while the pit remains sealed). We can estimate this pressure build-up and compare it to the pressure applied by the liquid film above the pit, which it has to overcome. Using the ideal gas law, the pressure change inside the pit is ∆P pit = ∆V Vp P 0 for small volume changes, with ∆V , the liquid volume entering the pit, V p , the pit volume and P 0 , the ambient pressure. Assuming that ∆V is only 1% of the pit volume, the pressure change ∆P pit is in the order of 10 3 Pa. The pressure applied by the liquid film ∆P f ilm = ρgd, with g, the gravitational acceleration and d, the thickness of the film. Even if the liquid film would be 1 mm thick, the film pressure ∆P f ilm would be approximately 10 Pa. Hence, the pressure build-up inside the pit is easily two orders of magnitude larger than the pressure applied by the film and thus is the appearance of the air bubble directly related to the amount of liquid that enters the pit: for all practical purposes the air within the pit can be considered to be incompressible 1 .
Phase diagram
All of the phenomena discussed above are plotted in the phase diagram of figure 5, which maps their dependence on the dimensionless distance ∆ * and the pit depth Z p . The broad picture is as follows: Decreasing ∆ * from large to intermediate to small, we move from a regime with a splash only, through one with a splash and a jet, into a region with a splash together with an air bubble. Decreasing the pit depth, enlarges the range (of ∆ * ) for which a jet is observed, whereas the domain in which an air bubble is found remains quite constant in size until the pit becomes too shallow to produce an observable bubble or jet.
The transition between splash only and jetting (near ∆ * = 1) suggests that for deeper pits more overlap is needed to produce a jet. This is probably related to the longer travel path (2Z p + D p ), inside a deeper pit, before the liquid will exit the pit (i.e., as a jet; figure 4c) . A long travel path may have more dissipation than a short path, or, as a longer path will take more time, there may be more droplet mass above the liquid in the process of forming a jet, preventing the latter liquid to leave the pit. On the other side of the regime, near ∆ * = 0, where jetting gives way to the formation of a bubble only, the reasoning is similar. Again, we think that the disappearance of the jet, that occurs for larger ∆ * as the pit depth increases, is related to the path that the liquid needs to travel. In addition, for full overlap (∆ * < 0), a jet is noticed at the outer edge, in agreement with the flow scheme in figure 4d .
The air bubble regime is bound between ∆ * ≈ 0.1 and the minimum value of ∆ * , where the latter by its definition increases with increasing pit diameter, causing the blank region in the top left of figure 5, where no measurements are possible for the pits we have used. We found that the location of the firstmentioned boundary (around ∆ * ≈ 0.1) solely depends on the absolute distance ∆, i.e., the transition is invariant of the pit diameter and depth. For all pit sizes tested, the transition occurs at ∆ = 0.22 mm. We believe that the invariance for the pit diameter D p relates to the spreading front of the droplet nearby this critical ∆. The spreading liquid overcomes the disruption by the pit for this small distance and encloses the pit quickly from both sides. In addition, it is independent of pit depth, because the pressure build-up inside the pit is sufficient for any of the pit depths (see end of §3.1 for details); it just suffices to have a trapped amount of air. Note that the jet regime and air bubble regime partly coincide (∆ * ≈ 0.1). It means that there is a slow transition from mainly outward spreading liquid (figure 4c) to liquid that mainly enters into the pit (figure 4d ). Figure 6 is a plot of the splash velocity against ∆ * for various pit sizes. The inset, for a pit of 2.0 mm in both diameter and depth, shows a good collapse of the data for U s /U i when the impact velocity U i is varied 2 . Hence, normalising the splash velocity U s with U i is justified. In the main figure, several features can be observed. First, for large distance (∆ * 1) the splash velocity is close to the impact velocity. Second, the splash velocity increases rapidly with decreasing ∆ * , until a maximum is reached of seven times the impact velocity U i at ∆ * ≈ 0.2. Third, beyond that maximum, the splash velocity U s decreases with decreasing distance. The splash velocity was measured always within 1.0 ms from its first appearance and was obtained by averaging over 1.0 ms to diminish effects of shape fluctuations of the tip droplet. In very few cases, the averaging was done for a shorter time period, typically when splash velocities were small.
Splash velocity
As we consider the behaviour of the individual pit sizes, we notice that to reach high splash velocities a pit depth of 1.5 − 2.0 mm is optimal (filled symbols). For a deeper pit of 4.0 mm, U s levels off (♦), which is also the case for the shallowest pit ( ). One outlier is the pit of 1.0 mm in both diameter and depth ( ), because the splash velocity only increases from ∆ * ≤ 0.2, which is, interestingly, also the critical ∆ * for the transition to air bubbles for this pit size. For all other pits, the upward trend in velocity starts from ∆ * ≈ 0.5. For each pit size, the data is consistent within its measurement uncertainties, except for a pit depth of 2.0 mm (•) at ∆ * ≈ 0.1. We believe that the main flow behaviour at this ∆ * is very sensitive to small fluctuations during impact, since this ∆ * domain is a transition region, in which both a jet and an air bubble occur. Moreover, for the four smallest splash velocities, the droplet shape is a bit flattened, which might explain the discrepancy in splash velocity.
Time until jet formation
The jet is, presumably, caused by liquid that (mainly) enters into the pit at the outer pit edge and travels a path s jf 2Z p + D p to appear at the inner pit edge, see figure 4 for a sketch. We measured the time between impact and jet formation t jf and normalised it with s jf /U i in figure 7 . The inset presents the dimensional time as a function of ∆ * , which is always found to be longer for larger pits. The main figure reveals a nice collapse of the inset data, when the jet formation time is normalised and affirms the idea of liquid flow in the jetting regime. In addition, we note that the proper velocity to collapse the data of jet time t jf is the impact velocity, rather than the splashing velocity. In the region 0 < ∆ * < 0.4, t jf hardly changes; in contrast to the splashing velocity (figure 6), which changes rapidly in this regime and, in addition, reaches significantly different values when depth is varied. This indicates that for this regime there is a downward bulk flow and a small volume of liquid shooting upwards, where the bulk keeps a velocity similar to the impact velocity, but the upward flow The dimensionless time that it takes for a jet to shoot out from the moment of impact, t * jf , as a function of the dimensionless distance ∆ * for three different pit depths Z p . The data collapses nicely. The inset gives the dimensional time, t jf , as a function of ∆ * .
may be considerably faster.
4 Impact near a pore
Observed phenomena
Impact near an open-ended pore results in a splash or no splash, i.e., neither jets nor air bubbles are observed. This stands to reason in view of the mechanisms by which the latter two are formed: jet and air bubble need a bottom wall and an enclosed cavity with air for their formation respectively. However, three distinct splash types are observed: a splash, a thin splash and a blob. Figure 8 presents these phases as a function of ∆ * and shows the typical appearance of the phases. Surprisingly, there are two distinct splashing regimes separated by a region in which plain spreading occurs. For 1.0 < ∆ * < 1.5, we observe a splash, which descends into a region with a blob at both ∆ * < 1.0 and ∆ * > 1.5, until just plain spreading is seen. Note that a blob denotes a splash that is only visible for a short time and has almost no velocity. The slow splash appears at the outer pore edge, but tends to travel sideways rather than upward. It broadens towards the inner pore edge (see side view image), and remains thin in the other horizontal dimension (see bottom view image). This splash is the one studied by Roisman et al. (2010) , who restricted themselves to impacts near 1.0 millimetre-size pores for ∆ * > 1, i.e., for no overlap between droplet and pore, and is simply caused by liquid deflected by the pore edge. In other words, we believe that this splash has a similar origin as the one observed for the pit. The disappearance of the splash for large ∆ * (> 1.5) is likely due to the fact that the spreading liquid looses its kinetic energy to surface energy (Clanet et al., 2004) . On the other boundary, ∆ * < 1, not all downward motion will be transferred to (horizontal) spreading • .
and this motion is not opposed and redirected by the air present in the pore, as in the case of the pit. Therefore, the main flow will become downward, all the way through the pore. The other splash regime is found between 0.5 < ∆ * < 0.7, and has sharp transitions towards plain spreading at both boundaries. Here we observe thin splashes, which may be due to focussing of spreading liquid at the pore edge. The intermediate region of 0.7 < ∆ * < 1.0, where there is only plain spreading or a small blob visible, suggests that there is a delicate balance between spreading and downward motion. This balance is responsible for the transitions between splashing, spreading and thin splashing. Furthermore, if we compare the thin splash with the splash above a pit for the same ∆ * -region, the trend in the velocity, volume, and time of splash formation are all different. Moving to larger overlap, i.e., ∆ * < 0.5, liquid simply enters into the pore, as also observed by Delbos et al. (2010) for full overlap.
The key difference between the pore and the pit becomes clear when comparing figure 8 with figures 2 and 3. The bottom view images in figure 8d show that the pore acts as an obstacle for the spreading liquid, which it does not overcome (at least not within our parameter space). There is always an unwetted area behind the pore, sometimes with opening angles larger than 90
• , measured from the centre of the pore. For the pit ( figure 2 and 3) , the spreading liquid not only encloses the pit, but for small and large overlap clearly overcomes the disruption. As soon as the pit is sealed, the air inside the pit will behave as a kind of substrate over which spreading is possible. For the pore, however, air can always move out at the bottom, and therefore, there is no resistance for liquid to enter. This also explains why the splashes for pit and pore differ, even in the case that there is no overlap between the impacting droplet and pit or pore (figure 2 and last image in figure 8d ). In the case of the pit, the air opposes liquid to enter and therefore the splash has a larger upward velocity (and a larger volume) for a pit than for a pore.
Splash velocity
The splash velocity in the two splash regions is measured and reported in figure 9. In the (slow) splashing regime, the splash velocity is rather constant and has a value of 0.4 m/s. In the thin splashing regime, however, the splash velocity increases with decreasing distance. At ∆ * ≈ 0.5, two data points are connected with a dashed line. The fast one is obtained from a droplet shooting out the pore, 0.3 ms earlier than the main splash is observed, which is related to the lower data point, with a velocity of about 1.0 m/s. In the case of pits, the splash contained more volume and if droplets were observed, they could easily be related to the same origin. Hence, for the experiment at ∆ * ≈ 0.5, it is unclear if the first droplet has the same origin as the main splash, due to the large discrepancy in velocity and therefore, both are shown.
The splash velocity for impacts near pores is, in general, smaller than for impacts near pits. The maximum splash velocity ratio (U s /U i ) is at least 1.5 times smaller and for the slow splashing regime, i.e., when there is no overlap, it is even 2.5 times smaller. This demonstrates again, that the air present in the pit plays a very important role and that it promotes both the size of the splashing regime and the splash velocity. There is a small region of 0.5 < ∆ * < 0.55 where the thin splash is faster than the pit splash, but overall velocities of the pit splashes are much larger. Furthermore, the splash becomes very thin, and thus has little momentum, again pointing to a different origin for the thin splash in comparison to both the pit splash and the slow splash.
Conclusions
We have found experimentally that the behaviour resulting from the impact of a water droplet near a closed pit and an open-ended pore greatly differs. Furthermore, we observed distinct impact phenomena when the amount of overlap between the droplet and the hole is varied.
For impact near a pit these phenomena are, from large to intermediate to small distance ∆ * : a splash only, both a splash and a jet, and both a splash and an air bubble respectively. Besides that, we found that splashing is most pronounced for pit sizes around 1.5 − 2.0 mm in diameter and depth, reaching splash velocities up to seven times the impact velocity. The size of the jetting regime clearly narrows as the pit depth is increased, and completely disappears when the depth is infinite (i.e., the pore case). Interestingly, for the parameter range tested, the transition to air bubbles is found to be solely dependent on the absolute distance between the outer pore edge and the location of impact, ∆.
For impact near pores, we only observe splashing. Surprisingly, we find two distinct splashing regimes, with plain spreading in-between. One regime is for 1.0 < ∆ * < 1.5, i.e., when there is no overlap between droplet and pore, and for which a slow, sideways splash is observed. The other regime is at 0.5 < ∆ * < 0.7, where a thin, fast splash is created, which is less pronounced than for the pit case. We believe the first splash has the same origin as for the pit splash: Spreading liquid above the hole is deflected at the outer hole edge. For the origin of the splash in the latter regime, more research is needed.
We state that, beside the presence of a bottom, the role of air is crucial for the observed differences between the impact phenomena near a pit and a pore. As soon as the pit is sealed off by the spreading liquid, the air inside will oppose liquid to enter and therefore, promote spreading and splashing. In order for liquid to enter the pit, air must be displaced by the ensuing pressure build-up inside the pit. Air might then leave either as a distinct air bubble or along with the liquid that jets out of the cavity.
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